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Abstract People provide wild ungulates with large quantities
of supplementary feed to improve their health and survival
and reduce forest damage. Whereas supplementary feeding
can positively affect the winter survival of ungulates and
short-term hunting success, some of the feeds provided may
actually reduce ungulate health and increase forest damage.
Here, we highlight how recent advances in ungulate nutrition-
al ecology can help explain why supplementary feeding can
lead to undesirable outcomes. Using Europe’s largest cervid,
the moose (Alces alces), as a model species, and Sweden, as
the socio-ecological context, we explain the concept of nutri-
tional balancing and its relevance to supplementary feeding.
Nutritional balancing refers to how animals alter their food
intake to achieve a specific nutritional target balance in their
diet, by selecting balanced food items or by combining items
with nutritional compositions that are complimentary. As the
most common supplementary feeds used contain higher con-
centrations of non-structural carbohydrates than the
ungulates’ normal winter diet, the consumption of such feeds
may cause animals to increase their intake of woody browse,
and thereby exacerbate forest damage. We also explain how
animal health may be negatively affected by large intakes of
such feed if complementary browse items are not available.
We therefore suggest that the use of inappropriate feed is an
additional means by which supplementary feeding may result
in negative outcomes for hunters, forest owners, and wild
animals.
Keywords Sweden . Alces alces . Moose . Supplementary
feeding . Browsing . Forest damage .Animal health .Wildlife
Introduction
Supplementary feeding involves the deliberate placement of
food into the environment with the aim of regulating the avail-
ability of food sources for wild animal species (Sorensen et al.
2014). Supplementary feeding can be used to enhance an an-
imal’s winter survival (Doenier et al. 1997) and reproductive
success (Robb et al. 2008), to create aggregations of individ-
uals for the benefit of hunting and tourism (Geisser et al. 2004;
Orams 2002), to manipulate migration routes (Sahlsten et al.
2010), and to divert animals away (viz. diversionary feeding)
from roads and other potential human-wildlife conflict areas
(Andreassen et al. 2005). An important example of this diver-
sion strategy is the use of supplementary feeding to reduce
damage by ungulates to forests and crops (van Beest et al.
2010b), based on the assumption that one bite of supplemen-
tary feed results in one less bite in the forest or field.
It is not unusual, however, that supplementary feeding re-
gimes fail to achieve the intended goals, or that they result in
additional unforeseen problems (Milner et al. 2014). For exam-
ple, supplementary feeding may increase disease transmission
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(Sorensen et al. 2014), as well as unintentionally alter the de-
mography (Ballesteros et al. 2013), behavior (Forristal et al.
2012), and population genetics (Blanchong et al. 2006) of the
targeted game species, sometimes with cascading effects on
vegetation (Rinella et al. 2012) and other fauna (Mathisen
et al. 2012; Mathisen and Skarpe 2011). Furthermore, although
exceptions occur, supplementary feeding rarely appears to be
effective at actually reducing browsing-related damage to
crops, production forests, or natural habitats (Cooper et al.
2006; Doenier et al. 1997; van Beest et al. 2010b).
In this perspective piece, we highlight how recent advances
in our understanding of the nutritional ecology of wild animals
can help to explain at least some of the reasons supplementary
feeding can lead to unintended and undesired outcomes.
Using Europe’s largest free-ranging cervid, the moose (Alces
alces), as a model species, and conducting our evaluation
within the Swedish context, we explain the concept of nutri-
tional balancing and its relevance to supplementary feeding.
Furthermore, we raise the potential for a Blose-lose^ outcome
to arise for hunters, forest owners, and wild forest-dwelling
ungulates due specifically to the widespread provision of Bthe
wrong^ feeds. Throughout, we link the Swedish context to
studies elsewhere to show how the concepts we introduced
are highly applicable for the co-management of wildlife and
forestry across the northern hemisphere.
Background to the moose and nutritional balancing
As a specialized browser, the preferred diet of moose through-
out the growth season consists of selected green plant materi-
al, including the leaves of deciduous trees, shrubs, and herbs
(Cederlund et al. 1980; Månsson et al. 2007; Rea et al. 2014;
Wam and Hjeljord 2010). During leaf-fall in the autumn,
moose adjust their rumen physiology, metabolism, and food
intake rates to adapt to a relatively nutrient poor and lignin-
rich winter diet of twigs and conifer needles (Hofmann 1989;
Regelin et al. 1985; Schwartz et al. 1988).With respect to their
nutritional ecology, recent experimental evidence (Felton et al.
2016c) indicates that moose engage in nutritional balancing.
Nutritional balancing is found in an increasingly diverse
group of animals and involves the altering of food intake on
a daily or near daily basis to achieve a specific nutritional
target balance in the diet, either by selecting nutritionally bal-
anced food items or by combining food items with composi-
tions complimentary to each other (e.g., Felton et al. 2009;
Mayntz et al. 2009; Rothman et al. 2011; Simpson and
Raubenheimer 2012). This regulatory feat is explained by
several neural and chemical processes and feedbacks operat-
ing before, during, and after digestion (Berteaux et al. 1998;
Provenza 1995).
Specifically, the controlled feeding experiment conducted
by Felton et al. (2016c) demonstrated that when moose are
given free choice, individuals consumed food items in a man-
ner which targeted a particular dietary balance between pro-
tein and carbohydrates (Fig. 1). Furthermore, when restricted
to one of two nutrient-rich but imbalanced pelleted diets,
which provided either too much or too little protein or carbo-
hydrates compared to the moose’ target balance, individuals
tried to compensate for this imbalance by increasing their
consumption of twigs from the broadleaf branches provided.
This compensatory feeding response was not due to any defi-
ciencies of single nutrients (the pellets contained more than
the minimum requirements of all macronutrient and
micronutrients for moose), but rather appears to have resulted
from the short-term imbalanced nutritional state the moose
were forced into when not given free choice between pellet
types. Consistent with this explanation, the twigs were found
to have a nutritional composition very similar to the nutritional
target balance identified during the experiment (Fig. 1).
Studies from around the northern hemisphere and on a
diversity of ungulate species lend additional weight to the
importance of dietary mixing (Beck and Peek 2005;
Berteaux et al. 1998; Oldemeyer et al. 1977; Parsons et al.
1994; Westoby 1974). More specifically, there are many indi-
cations of compensatory feeding responses by supplementary
fed wild ungulates: for example, if white-tailed deer
(Odocoileus virginiatus) are provided with ad libitum access
of energy dense food (corn, oats, or pellets), they continue
(Cooper et al. 2006; Doenier et al. 1997; Schmitz 1990) or
even double their normal intake of browse (Timmons et al.
2010). Also, red deer (Cervus elaphus), provided with
nutrient-rich supplementary feed, have been found to increase
their intake of certain species of woody vegetation which
complement the nutritional composition of the supplementary
food items (Miranda et al. 2015). The process of nutritional
balancing and compensatory feeding is therefore likely to be
of relevance to the understanding and effective management
of other socio-ecological systems involving various ungulate
species, supplementary feeds, and geographical contexts.
The Swedish context: forest management
and supplementary feeding
Productive forests cover approximately 60 % of land area in
Sweden, and the vast majority is used for the production of
timber and other wood products (SFA 2014). Forestry in
Sweden is primarily conducted using the even-aged manage-
ment of conifer-dominated stands. This model of forest man-
agement dominates the structure and dynamics of forested
landscapes in much of northern Europe (Kuuluvainen 2009).
Over the last hundred years, clear-cutting and other anthropo-
genic forms of land-use change have dramatically altered tree
species composition in Sweden, largely to the detriment of
broadleaf and mixed forest cover (Edenius et al. 2002;
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Lindbladh et al. 2014). Norway spruce (Picea abies) has
benefited most from such changes, to the extent that in south-
ern Sweden, spruce-dominated production stands now com-
prise 40 % of forest area (Drössler 2010). This form of forest
management has direct implications for ungulate food re-
sources (Kuijper 2011). Ungulates in Sweden generally prefer
to browse on Scots pine (Pinus sylvestris) and deciduous spe-
cies (such as rowan (Sorbus aucuparia), aspen (Populus
tremula), and birch (Betula spp.)) rather than Norway spruce
(Mansson et al. 2007), and the dominance of Norway spruce
production forests reduces the availability of these primary
food sources. Partly countering these losses, the predomi-
nance of even-aged forest management ensures that a flush
of edible vegetation is provided, at least in unfenced stands,
for the first decade after clear-cutting (Wam et al. 2016).
However, efforts to remove competing broadleaf tree species
(predominantly birch) during stand cleaning and thinning op-
erations reduce the potential availability of these preferred
species of browse, even in young stands (Milner et al. 2013).
During winter in Sweden, and throughout Scandinavia,
many land owners and game managers place supplementary
feed in the landscape, often targeting wild ruminants such as
moose, roe deer (Capreolus capreolus), red deer (C. elaphus),
and fallow deer (Dama dama) (the non-ruminant wild boar,
Sus scrofa, is also a targeted ungulate species but is not
discussed here) (SOU 2014). The extent of this feeding is
significant: in 2013, it was estimated that at least 350 million
SEK worth of feed (approx. 42Million USD) was provided to
wild animals in Sweden (SOU 2014). Silage bales are the
most common type of feed (SOU 2014) and consist of various
graminoids and herbs. The nutritional composition of such
silages varies, but typically has higher contents of starch and
other non-structural carbohydrates than woody browse
(Fig. 1). Some of these silages may be suitable forages for
fallow deer and red deer, whose dietary niche is intermediate
between that of browsers and grazers (Clauss et al. 2009;
Hofmann 1989).
It is also common in Sweden to feed game with agricultural
crops that are even richer in sugar and starch than silage. In
southern Sweden in particular, sugar and fodder beets (varie-
ties of Beta vulgaris), potatoes, and other root vegetables are
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Fig. 1 The macro-nutritional balance of the most commonly used
supplementary feeds in Sweden (root vegetables and silages (S1–S5))
in relation to twigs of Salix, a tree genus commonly consumed by
moose during winter. All dashed radials (Bfood rails^) represent the
nutritional balance of food items: the more an individual eats of an item,
the further along the rail they shift. Also indicated is the nutritional target
balance of adult moose (square = females, diamond = males), as
experimentally determined in captivity (Felton et al. 2016c), with the
solid black line showing the associated intake trajectory. Free-ranging
moose may differ somewhat in this target balance. In the experiment,
moose that were restricted to one of two pelleted diets that in isolation
was imbalanced for them (either L = low-protein, high-carbohydrate; or
H = high-protein, low carbohydrate; thick light gray lines) responded by
significantly increasing their intake of Salix twigs which were offered to
them in limited amounts (S. caprea, S. fragilis, and S. cinerea; mean
compositions indicated by gray lines, large dashes). Note that most
supplementary feeds characteristically have a lower non-protein balance
than the twig material, and thereby are inconsistent with the moose’s
nutritional target. Root vegetables (gray lines, small dashes) include sug-
ar and fodder beet (varieties of B. vulgaris), potato (Solanum tuberosum),
and carrot (Daucus carota sativus). Silages (gray lines, medium dashes)
include whole sweet corn plants (S1), graminoid mix with <25 % le-
gumes (S2), whole oat plants (S3), whole barley plants (S4), and
graminoid mix with 25–50 % legumes (S5). Included are estimates of
the protein that is available to ruminants for digestion (x-axis) and the sum
of fats, non-structural carbohydrates, and fractions of structural carbohy-
drates (fiber) that are digestible by ruminants (y-axis). Supplementary
feed data are found in Spörndly (2003) in which digestibility estimates
are made for dairy cows. Data on Salix, pellets, and moose nutritional
target are sourced from Felton et al. (2016c) in which digestibility esti-
mates are made for moose.
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months. Indeed, sugar beet is the secondmost commonly used
supplementary feed in Sweden, and it is estimated that at least
32,400 tons of beets are provided to game animals every year
in the southern parts of the country (SOU 2014). A pilot study
showed that during three winter months in some local hunting
areas, as much as 2 tons of supplementary feed/km2 are dis-
tributed, of which approximately 40% ismade up of beets and
other root vegetables (Blomqvist 2016). Such crops have been
cultivated for enhanced energy content and have nutritional
compositions that are highly inconsistent with the natural win-
ter diet of moose (Fig. 1). Nevertheless, moose do consume
these feeds, whether or not they were the intended recipient
(unpublished data of rumen contents, A.M. Felton).
Implications for ungulate health and competitive
interactions among species
Because the supplementary feeds commonly used in
Scandinavia contain higher concentrations of non-structural
carbohydrates than the natural winter diet of ungulates, this
practice raises some specific animal health concerns. In addi-
tion to concerns regarding their dental health (Malmsten et al.
2015), a large intake of such foods by a ruminant during win-
ter is inconsistent with their rumen flora and metabolism,
which is adapted to woody, lignin-rich foods (Schwartz et al.
1988). Resultant problems are likely to arise if complementary
food items, such as young broadleaf tree species or Scots pine
in the case of the moose, are not available or consumed in
sufficient amounts to ameliorate a dietary imbalance (as
indicated by experiments with other species of ruminants,
Keunen et al. 2002; Timmons et al. 2010). As a result, rumen
pH can decline, which increases the risk of ruminal acidosis.
Ruminal acidosis is a suspected cause of serious health prob-
lems in both captive moose (Mueller et al. 2011; Shochat et al.
1997) and in free-ranging moose forced to persist on crops
(Butler et al. 2008). Depending on the severity and time span,
ruminal acidosis can lead to impaired digestion, poor general
condition, vitamin deficiency, laminitis, and death (M.V. M
2005). Ruminal acidosis can also be indirectly harmful to
unweaned young ruminants (M.V. M 2005), which suffer
due to the accompanying reduction in the fat concentration
of their mother’s milk (Allen 1997; Keunen et al. 2002).
Due to the potential impacts on their rumen and dental status,
root vegetables rich in sugar and starch are unlikely to be
suitable feeds for any of the wild ruminants, but further re-
search is needed to determine whether this expectation may be
qualified.
Supplementary feeding is also likely to lead to population-
and community level impacts that are potentially counterpro-
ductive to the aims of game management (Putman and
Staines 2004). As previously noted, some ungulate species
appear to benefit more from certain types of supplementary
feeding than others. For example, a study has shown that
silage offered during winter time in a region of southern
Sweden was utilized to a higher extent by fallow deer than
by moose, relative to their respective population sizes (Otto
2013). Supplementary feeding is thereby likely to maintain
fallow deer at much higher densities in these areas than would
otherwise occur. Although the effects of supplementary feed-
ing on the community ecology of ungulates is poorly under-
stood, increased fallow deer densities are likely to increase
competitive pressures on other ungulate species, including
the moose, particularly during spring and summer when spe-
cies overlap in their resource use.Moreover, from studies else-
where in Europe, fallow deer is known to displace other spe-
cies from feeding sites, such as roe deer (Ferretti et al. 2008)
and red deer (Bartoš et al. 1996).
Implications for forest management
Ungulates and forestry interact in varied and complex ways.
Browsers affect forestry by damaging production trees, and
forestry affects ungulates by changing tree composition and
age structure of the forest landscape (Wam et al. in press), with
associated implications for food and shelter availability
(Kuijper 2011; Kuijper et al. 2009; Milner et al. 2013). The
potential influence of supplementary feeding on ungulate
browsing behavior and community composition adds to this
complex web of interactions.
Multiple studies challenge the use of supplementary feed-
ing as an effective means of reducing the intake of browse by
ungulates during winter, and thereby as a way to reduce forest
damage (Milner et al. 2014). In Scandinavia, extensive forest
damage can occur within a kilometer of feeding stations
(Gundersen et al. 2004; van Beest et al. 2010a) and at larger
landscape scales (Mathisen et al. 2014). Such high damage
levels are often explained by the proximity of feeding sites
to forest stands, the longevity of the feeding program, and the
associated increase in ungulate densities (Milner et al. 2014).
The recent finding that captive moose show compensatory
feeding when given inappropriate high-energy or high-
protein foods (Felton et al. 2016c), and similar observations
in other ungulate study systems (Cooper et al. 2006; Doenier
et al. 1997; Miranda et al. 2015; Schmitz 1990; Timmons et al.
2010), suggests that the nutritional composition of supple-
mentary feed can influence and may even exacerbate the
levels of damage incurred.
With respect to the trees’ vulnerability to browsing, Scots
pine and some broadleaved species are able to maintain or
even increase shoot biomass if subjected to repeated browsing
pressure at low to moderate levels during the winter, particu-
larly when growing on productive soils (Edenius 1993;
Persson et al. 2005). However, if an individual tree is in a state
proximate to a physiological threshold, even a small increase
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in browsing intensity could have significant effects on a tree’s
growth characteristics and the quality of its timber (Bergqvist
et al. 2013; Edenius et al. 2002). For this reason, the cumula-
tive effects on forests of the extensive provision of potentially
nutritionally imbalanced feed for ungulates require further
consideration.
Increased browsing damage is also influencing the long-
term management trajectory of forests, with resultant reper-
cussions for wild ungulates and forest biodiversity in general.
This is because the severity of browsing damage within a
region has a strong influence on forest owner decisions re-
garding which tree species to use for regeneration. If the level
of browsing damage is sufficiently high, or perceived to be
problematic, Norway spruce is currently favored at the ex-
pense of other production forest alternatives, including broad-
leaf tree species and Scots pine (Lidskog and Sjödin 2014),
with negative implications for biodiversity and forest resil-
ience (Felton et al. 2016a; Felton et al. 2016b). This can read-
ily create a feedback loop, in which the resultant intensified
browsing damage in the remaining pine and deciduous forest
areas (Herfindal et al. 2015) provides further motivation for
the increased use of Norway spruce in production forests. The
extent to which supplementary feeding influences this feed-
back loop needs to be addressed.
Conclusion
Our understanding of the nutritional ecology of forest ungu-
lates is sufficient to challenge the view that management goals
for forests and game are likely to be achieved using many of
the current approaches to supplementary feeding. For this rea-
son, it is in the direct interest of game and forest managers to
be aware of the potential adverse consequences of using inap-
propriate supplementary feeds. Notably, in recent years, the
reproductive performance of many moose populations in
southern Scandinavia appears to be in decline (Wam et al.
2016). While the precise causal factors underlying these
trends remain unaccounted for, the available evidence sug-
gests that in some areas, inappropriate supplementary feeding
may contribute to the problem, via for example, negative ef-
fects on their rumen condition and increased competition from
other ungulate species. We suggest that if the supplementary
feeding of browsing ungulates is to take place, suitable feed
alternatives are items that resemble the animals’ natural diets,
such as residue material from timber extraction and stand
thinning (e.g., tree tops, Edenius et al. 2014; Heikkilä and
Härkönen 2000), or bales made of fast-growing broadleaves
(Otto 2013 and unpublished data, A.M. Felton).
The use of nutritionally balanced food items is not, how-
ever, a panacea for all the problems associated with supple-
mentary feeding. For example, even if supplementary feed is
nutritionally balanced, the mere act of feeding can increase
animal aggregation and thereby increase local forest damage
or disease transmission among ungulate populations
(Sorensen et al. 2014). If the preferred option is to retain an-
imal densities, the larger question must therefore be raised as
to what alternatives are available or even preferable to supple-
mentary feeding. With respect to alleviating forest damage,
plausible alternatives involve increasing the amount of natural
browse at larger spatial scales to minimize the contrast in food
availability between regenerating stands and the surrounding
mature forest (Kuijper et al. 2009; Milner et al. 2013), and
thereby decrease the browsing damage burden on any one
forest owner (Heikkilä and Härkönen 1996; Herfindal et al.
2015; Månsson 2007). For example, due to the concerted ef-
fort of a large number of private forest owners in one region of
southern Sweden, the planting of Scot’s pine has increased
significantly in recent years, resulting in lower rates of forest
damage and less conflict between hunters and forest owners
(pers. comm. Ove Andersson, Swedish Forest Agency). It is
also possible that the pre-commercial thinning of produc-
tion forests could be altered to help preserve and promote
the growth of edible biomass throughout the forest land-
scape (Edenius et al. 2014). To alleviate the browsing
damage caused by those deer species that are intermediate
feeders (e.g., red deer), creating safe grass-dominated
open spaces within the forest matrix may be effective
(Burkhardt 2011). Potential solutions therefore appear to
be available. What is now required is that ecologists,
wildlife veterinarians, and silviculturalists further investi-
gate the links between ungulate food, animal health, and
forest damage, so that mutually beneficial alternatives can
be identified.
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